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ABSTRACT: The CapD enzyme of Bacillus anthracis is a γ-glutamyl transpeptidase from the N-terminal nucleophile hydrolase superfamily that covalently anchors the poly-γ-D-glutamic acid (pDGA) capsule to the peptidoglycan. The capsule hinders phagocytosis of B. anthracis by host cells and is essential for virulence. The role CapD plays in capsule anchoring and remodeling makes the enzyme a promising target for anthrax medical countermeasures. Although the structure of CapD is known, and a covalent inhibitor, capsidin, has been identified, the mechanisms of CapD catalysis and inhibition are poorly understood. Here, we used a computational approach to map out the reaction steps involved in CapD catalysis and inhibition. We found that the rate-limiting step of either CapD catalysis or inhibition was a concerted asynchronous formation of the tetrahedral intermediate with a barrier of 22−23 kcal/mol. However, the mechanisms of these reactions differed for the two amides. The formation of the tetrahedral intermediate with pDGA was substrate-assisted with two proton transfers. In contrast, capsidin formed the tetrahedral intermediate in a conventional way with one proton transfer. Interestingly, capsidin coupled a conformational change in the catalytic residue of the tetrahedral intermediate to stretching of the scissile amide bond. Furthermore, capsidin took advantage of iminol−amide tautomerism of its diacetamide moiety to convert the tetrahedral intermediate to the acetylated CapD. As evidence of the promiscuous nature of CapD, the enzyme cleaved the amide bond of capsidin by attacking it on the opposite side compared to pDGA.
Bacillus anthracis is a Gram-positive, sporulating bacterium that normally resides in soil. The dormant spore form of the bacterium enters the mammalian host to cause anthrax infection and can withstand harsh conditions for decades. 1 Humans can contract the infection by exposure to the spores cutaneously, by ingestion, or by inhalation. 2 Once inside the human host, the dormant spores germinate into a rod-shaped, vegetative form. The vegetative form of the bacterium envelops its surface with a peptidic capsule that is essential for virulence and helps it evade the host immune response. 1,3−8 The capsule is comprised of poly-γ-D-glutamic acid (pDGA) molecules covalently anchored to peptidoglycan. 8, 9 The genes responsible for production of the capsular material, its attachment, and remodeling are known as cap genes. 5, 10 One of the enzymes encoded by the cap operon is called CapD and is a γ-glutamyl transpeptidase (GGT) of the N-terminal nucleophile (Ntn) hydrolase superfamily. 11, 12 The Ntn hydrolases undergo an internal bond scission that creates an N-terminal Cys, Ser, or Thr residue that is essential for catalytic activity. The side chain of the newly generated Nterminal residue acts as a nucleophile, while the N-terminal amine participates in general acid−base catalysis. Figure 1 shows the active site of CapD that has an N-terminal Thr residue. Other members of the Ntn hydrolase superfamily include cephalosporin acylase, aspartylglucosaminidase, penicillin G acylase, and the quorum-quenching N-acyl homoserine lactone acylase. 13−17 Deletion of the CapD gene from the cap operon prevents covalent attachment of the capsular material to the peptidoglycan and enhances the susceptibility of the bacteria to phagocytosis by host macrophages 18 and neutrophils. 19 Consequently, recombinant CapD variants can be used as a therapeutic to break down the capsular material. 6,20−22 Alternatively, small-molecule inhibition of CapD may prevent the anchoring of the capsule. Richter et al. recently discovered a covalent small-molecule inhibitor of CapD, named capsidin (see Figure 1) . 10 In addition, they reported a number of capsidin variants that helped identify functional groups essential for inhibition. 10 Several mechanistic studies of related enzymes have been undertaken, but none have provided the details of CapD acylation by pDGA or rationalized the differences in CapD inhibition by capsidin and its variants. [14] [15] [16] [17] 23 Improving our understanding of these mechanisms may aid in the design and development of anti-infectives that prevent capsule anchoring by the CapD γ-glutamyl transpeptidase.
Critical for modeling efforts, CapD and several other members of the GGT family have been structurally characterized. 24−30 Figure 1 shows the active site of CapD divided into central, donor, and acceptor regions. The central region consists of the N-terminal catalytic Thr352 and oxyanion hole formed by the backbone NH groups of Gly429 and Gly430. Thr352 is the catalytic residue involved in the nucleophilic attack on the γ-peptide bond, whereas the oxyanion hole stabilizes the negative charge developing on the carbonyl oxygen of the scissile γ-peptide bond during the attack. The donor region of the active site contains Arg113 and Thr370, whereas the acceptor region contains Arg432 and Arg520. Thr352, Gly429, Gly430, Arg113, and Thr370 are highly conserved across the GGT family of Ntn-hydrolases. 11, 30, 31 The first bound structure of CapD [Protein Data Bank (PDB) entry 3G9K] was determined with a di-α-L-Glu ligand. 29 The di-α-L-Glu ligand differs significantly from pDGA by the peptide linkage (α vs γ) and the chirality of the Glu (L vs D). These differences render the di-α-L-Glu ligand a poor mimic of pDGA. Interestingly, a related Escherichia coli GGT binds a single L-Glu by forming a salt bridge with the conserved Arg residue in the donor region of the active site that is equivalent to Arg113 in CapD. 30 In contrast, the non-natural di-α-L-Glu ligand coordinates Arg520 and Arg432 within the acceptor region of the active site of CapD. Importantly, binding of the di-α-L-Glu to CapD appeared to be coupled to a change in the conformation of Arg520. A similar conformational change of Arg520 may accompany pDGA binding.
The role of Thr370 in the donor region of the active site is not completely understood. Mutational experiments demonstrated that Thr370 was critical for CapD catalysis, 29 like its counterparts in other GGTs. 28 The Thr370 counterparts appeared to hydrogen bond the N-terminal, catalytic threonine and were proposed to increase the nucleophilicity of the catalytic threonine, 30 mediate proton transfer from the -OH group to the -NH 2 group of the catalytic threonine, 27 and ensure that the N-terminal Thr assumed a catalytically competent conformation. 28 The proximity and high degree of conservation of Thr370 and its counterparts led to the proposal of a Thr-Thr catalytic dyad. 28 In this paper, we studied the mechanism of CapD acylation by its native substrate pDGA and by the covalent inhibitor capsidin. Specifically, we applied docking 32 and reaction path optimization 33 on an ONIOM (our own N-layered integrated molecular orbital molecular mechanics) 34, 35 hybrid quantum mechanical/molecular mechanical (QM/MM) potential energy surface. 36 With the help of these computational tools, we identified the rate-limiting step in CapD acylation as the formation of the tetrahedral intermediate.
The optimized reaction paths revealed important differences between pDGA and capsidin upon formation of tetrahedral intermediates with CapD. According to our models, the two molecules bound CapD with opposite orientations of the scissile bond in the active site. Thus, the prospective leaving group of pDGA was in the acceptor region, whereas that of capsidin was in the donor region of the active site. Furthermore, formation of the tetrahedral intermediate with pDGA was substrate-assisted and coupled to two proton transfers. 37 In contrast, formation of the tetrahedral intermediate with capsidin proceeded conventionally and involved only one proton transfer. Finally, the tetrahedral intermediate of capsidin was more stable than that of pDGA.
The mechanisms of the conversion of the tetrahedral intermediates of pDGA and capsidin to acylated CapD also differed. Capsidin underwent a conformational change coupled to an excessive stretching of the scissile amide bond. This unusual bond stretching was followed by a proton transfer, forming an iminol leaving group. Formation of the acetylated CapD with the iminol leaving group was possible because of the second acetyl group in the diacetamide moiety of capsidin ( Figure 1 ). This finding rationalizes why capsidin variants with a single acetyl group fail to inhibit CapD. 10 In summary, this work provides mechanistic details of CapD catalysis and inhibition that offer useful insights into enzyme engineering and covalent inhibitor design.
■ METHODS
We generated the coordinates of the CapD complexes as described in the Supporting Information. The GaussView 5 38 graphical user interface was used to partition the system into QM and MM regions and to prepare the corresponding ONIOM(QM/MM) input files. Figure 2 shows our choices of the QM regions for pDGA and capsidin that incorporate the essential parts of the CapD active site, its substrate, or its inhibitor. For the complex with pDGA, the full system consisted of 7351 atoms with a net positive charge of nine, whereas the QM region included 95 atoms with a net charge of zero. For the complex with capsidin, the full system consisted of 7346 atoms with a net positive charge of 10. The QM region was slightly smaller and did not include Arg520 from the acceptor region of the active site. The total number of atoms of the QM region with capsidin was 82 with a net charge of zero.
All required MM parameters 39 were generated for the reactant states of both systems with the help of Antechamber from Amber Tools 40, 41 and converted to the format required by Gaussian 09 (G09) software. 42 We generated and optimized reaction paths using the Conjugate Gradient Harmonic Fourier Beads (CG-HFB) method. 33 To generate smooth initial reaction paths, we performed a number of individual optimizations with progressive distance restraints 33 to push the reactant states of both systems toward the tetrahedral intermediates and then toward the acylated enzymes. The adaptive positional restraints, with a force constant of 50.0 kcal mol −1 Å −2 on all of the atoms of the system, were enforced during those explorations to prevent unproductive conformational changes that were orthogonal to the reaction but could cause discontinuities in the potential energy profiles. 33 These positional restraints turned the rugged potential energy surface of CapD into a funnel-like potential 43, 44 that was easier to optimize.
The reaction path optimization protocol closely followed our previous report. 33 The structures along the path were aligned using the root-mean-square best-fitting procedure for the first 100 atoms of the system. 33 All of the atoms were optimized using adaptive positional restraints, with a force constant of 50.0 kcal mol
. Atoms involved in the transitions were assigned additional positional restraints with a force constant of 500.0 kcal mol
. The ONIOM(QM/MM) energy and gradient calculations to drive reaction path optimization with CG-HFB were obtained using G09 software with default options. 42 Initially, we used a semiempirical QM potential, i.e., Austin Model 1 (AM1), 45 mechanically embedded with an Amber 39 MM force field. The final results reported here were obtained using the B3LYP/6-31G(d) QM potential electronically embedded with the Amber 39 MM force field.
36, 46, 47 Consequently, the reported values include polarization of the QM region by the MM atoms of the system. The energies and structures of the transition states were extracted from the optimized reaction paths and corresponding integral energy profiles. The latter were reconstructed from the ONIOM(QM/ MM) forces as described elsewhere.
33
■ RESULTS AND DISCUSSION Mechanism of CapD Catalysis. Model of CapD Bound to pDGA. A study of CapD catalysis required a structure of the enzyme in complex with a substrate. Because the crystal structure of the CapD enzyme bound to its natural substrate pDGA was not available, we derived a corresponding model computationally. The pDGA substrate was modeled as a capped di-γ-D-glutamate (diDGA) peptide. Hence, the diDGA contained three peptide bonds, two of which were made with capping groups, CH 3 C(O)-and -NHCH 3 . Docking of diDGA into the CapD structure (PDB entry 3G9K 29 ) identified two principal binding modes. These modes could be distinguished by considering which region of the active site (donor vs acceptor) will host the covalently attached γ-glutamyl moiety, and which will host the leaving group following the cleavage of the γ-peptide bond. Alternatively, we could distinguish the two poses by considering the face of the peptide bond that would be attacked by Thr352 (Re vs Si).
48−50 Thus, the Si binding mode positioned the γ-glutamyl into the acceptor region of the active site coordinated by Arg520 and Arg432, whereas the leaving group was bound to the donor region of the active site. In contrast, the Re binding mode positioned the γ-glutamyl group in the donor region of the pocket coordinated by Arg113, whereas the leaving group was bound to the acceptor region of the active site. Because the Re mode, schematically depicted in Figure 1 , agreed with available structural data from related GGT enzymes, 24, 26, 30 we chose this mode in our study of CapD catalysis.
We examined the diDGA interactions in the central, donor, and acceptor regions of the CapD active site. Figure 3 shows that the N-terminal α-carboxyl of the diDGA substrate formed two hydrogen bonds with the conserved Arg113, and two additional hydrogen bonds with Thr370 and Thr409, in the donor region of the active site. To the best of our knowledge, participation of Thr370 in binding of the substrate has not been observed in other GGTs. 24, 26, 30 Interestingly, Thr370 did not form the expected hydrogen bonds with either the -NH 2 or -OH groups of the catalytic Thr352. The carbonyl oxygen of the N-terminal peptide bond formed a hydrogen bond with the backbone NH group of Phe410. The side chain of nearby Asn392 formed two hydrogen bonds: one between its carbonyl and the side chain of Arg310 and the other between its amide and the backbone carbonyl of Gln391.
In the central region of the active site, the carbonyl of the scissile γ-peptide bond coordinated the oxyanion hole via hydrogen bonding to the backbone NH groups of Gly429 and Gly430. In the acceptor region of the active site, the N-terminal NH 2 group of the catalytic Thr352 and the side chain of Arg520 coordinated the second α-carboxyl group that belonged to the leaving group of diDGA. The carbonyl oxygen of the third γ-peptide bond that was also part of the leaving group was involved in hydrogen bonding with Arg432. Importantly, the OH group of the catalytic Thr352 made an intramolecular hydrogen bond with the N-terminal NH 2 group, priming the substrate for a nucleophilic attack.
CapD Acylation Mechanism by pDGA. Our preliminary studies suggested that the CapD acylation reaction proceeded with the N-terminal amino group of Thr352 deprotonated. The protonated CapD would be able to execute acylation in only a single step, similar to the uncatalyzed acylation described elsewhere. 33 We found that such single-step acylation was associated with high barriers, regardless of the protonation state of the N-terminal amine of Thr352 (results not shown). Instead, CapD executed a more energetically favorable acylation by routing the reaction through a lower-energy metastable tetrahedral intermediate. This two-step reaction required the Nterminal amino group to be in a deprotonated state initially. Figure 4 shows the reaction energy profile from the initial reactant state R (marked with an arrow), through the TS, to the tetrahedral intermediate P, and Figure 5 shows the corresponding molecular structures. The first proton transfer was completed before the reaction reached the transition state and corresponded to a shoulder of ∼15 kcal/mol in the energy profile. At the end of the first proton transfer, the terminal α-amine of Thr352 briefly became protonated, yet the Thr352-(Oγ)−(C 2 )diDGA bond did not completely form.
The proximal Thr370 appeared to assist in the first proton transfer by establishing a rather weak hydrogen bond to the transferring proton on the N-terminal amino group of the catalytic Thr352 residue at the transition state and product, but not on the -OH group of Thr352 at the reactant. Indeed, the Thr352(Hγ)−(Oγ)Thr370 distance was the shortest during the proton transfer. This was also reflected in the increase in the hydrogen bond length between Thr370 and the N-terminal α-carboxyl of diDGA. Note, however, that Thr370 did not directly participate in proton transfer, as was suggested for the related GGT of E. coli. 27 Interestingly, during the first proton transfer, the Thr352(Cα−Cβ) bond stretched to 1.61 Å (compared to 1.56 and 1.58 Å in the reactant and product states, respectively), presumably to relieve conformational strain associated with the transfer.
The second proton transfer immediately followed the first one and coincided with the TS of the reaction. The second proton was transferred from the terminal α-amine of Thr352 to the α-carboxyl group of diDGA that is adjacent to the scissile peptide bond. At the TS shown in Figure 5 , the distance between the proton and the nearest oxygen atom of the adjacent α-carboxyl group was 1.21 Å. The corresponding Thr352(N−H) bond was effectively broken at 1.30 Å. The Thr352(Oγ)−(C 2 )diDGA distance reached 1.91 Å, whereas the CO bond of the carbonyl group bound to the oxyanion hole was only slightly elongated from 1.25 to 1.27 Å.
The second proton transfer completed the formation of the metastable tetrahedral intermediate, labeled "P" in Figure 4 . The bottom panel of Figure 5 shows the corresponding structural details of the tetrahedral intermediate. In the tetrahedral intermediate, the Thr352(Oγ)−(C 2 )diDGA bond is completely formed at 1.56 Å. The CO bond of the carbonyl group in the oxyanion hole stretched to 1.32 Å; i.e., the double bond transformed into a single bond with a partial negative charge on the oxygen atom.
The oxyanion hole strongly interacted with the diDGA substrate in the tetrahedral intermediate state. Indeed, the two hydrogen bonds with the oxyanion hole became stronger, as manifested by their contraction to 1.88 and 1.56 Å. In the reactant state, the corresponding distances were 2.00 and 1.72 Å, respectively, whereas in the TS, they were 1.93 and 1.64 Å, respectively. Nevertheless, as shown in Figure 4 , the stabilization of the tetrahedral intermediate "P" was only 4.3 kcal/mol relative to the TS.
It appeared that CapD significantly destabilized the tetrahedral intermediate compared to Ntn-hydrolases such as aspartylglucosaminidase (AGA) and penicillin G acylase Amber] potential with electronic embedding and is plotted along the reaction path that connects the reactant to the product (as parametrized using the reaction progress coordinate). The actual energy levels of the structural snapshots along the reaction are shown with red crosses. The matching integral energy is shown as a solid blue line and was derived from the corresponding forces. The transition state is denoted by a black cross and located atop the energy peak. Arrows indicate where the nucleophilic attack of CapD on di-γ-D-glutamate begins and where the two proton transfers occur along the reaction path. The total number of system snapshots used to generate the energy profile was 192. R, reactant; TS, transition state; P, product. Atoms that link the QM region to the rest of the system described by molecular mechanics are depicted with transparent spheres around them. These atoms are substituted for hydrogen atoms, and their bond lengths are adjusted accordingly during QM calculations. R, reactant; TS, transition state; P, product.
(PGA). 15−17 Interestingly, a study of a model system derived from the PGA that employed the AM1 semiempirical potential reports the stabilization of a tetrahedral intermediate by only 2.6 kcal/mol. 14 Overall, the formation of the tetrahedral intermediate was a double proton-coupled concerted asynchronous reaction. Furthermore, the discovered mechanism of CapD catalysis was substrate-assisted, 37 because the α-carboxyl group of diDGA adjacent to the scissile γ-peptide bond acted as the transient proton acceptor, just like the N-terminal α-amine of the catalytic Thr352. Indeed, Figure 5 shows that the α-amine of Thr352 relayed the proton from the OH group of Thr352 to the adjacent α-carboxyl group of diDGA and, thereby, remained deprotonated. Therefore, we would expect donor substrates lacking a carboxyl group that could interact with Arg520 and Thr352 and assist in catalysis to react with CapD more slowly.
It is worth noting that CapD could not cleave glutathione 9 or other GGT substrates, such as γ-glutamyl-anilides, under physiological conditions. 10, 12 These GGT donor substrates lack the α-carboxyl groups of pDGA near the scissile amide bond. However, they also have the free N-terminal α-amine that pDGA does not have. The free α-amino group of typical GGT substrates can interfere with anchoring in the donor region of the CapD active site because, unlike typical GGTs, CapD has no carboxyl groups in the donor region of the active site that could stabilize the free α-amine. Therefore, the lack of CapD catalysis with regular GGT substrates could be due to either poor binding (free α-amine) or poor reactivity (lack of α-carboxyl). Answering these questions definitively would require additional experiments and/or calculations that gauge both binding and reactivity and are beyond the scope of this study.
In several QM studies, researchers have examined the reaction mechanism of acylation of Ntn-hydrolases using model systems in the gas phase; they report energy barriers in excess of 30 kcal/mol for the formation of the tetrahedral intermediate. 14−17 Like our work, these estimates represent enthalpic contributions to the barrier heights. To the best of our knowledge, this work is the first ONIOM(QM/MM) study of a threonine-based Ntn-hydrolase and provides a significantly lower estimate of the barrier height (22.3 kcal/mol for the formation of the tetrahedral intermediate). Note that our approach to finding transition states is known to overestimate barrier heights, suggesting that the actual barrier might be slightly lower. 33 Although still high, such reaction barrier heights have precedents in enzyme catalysis. For example, a glycogen phosphorylase enzyme has an activation energy of 21.2 kcal/mol, 51 with a corresponding free energy barrier of 15.2 kcal/mol when entropic effects are taken into consideration. 51 Although it is generally considered that formation of the tetrahedral intermediate does not require a water molecule, 52 including water molecules might result in alternate pathways 15, 53, 54 with potentially lower activation energies. Finding such pathways is a challenging task in and of itself and was not attempted in this study.
Formation of the Acylated CapD Intermediate of pDGA. Formation of the γ-glutamylated CapD required complete scission of the γ-peptide bond of the diDGA substrate. This task, in turn, required a proton, which is generally thought to come directly from the protonated N-terminal α-amine of the catalytic Thr (Thr352 in CapD). However, CapD converted the tetrahedral intermediate into the acylated enzyme differently.
The observations that CapD did not significantly stabilize the tetrahedral intermediate, and that the proton resided on the α-carboxyl group of the substrate rather than on the N-terminal α-amino group of the enzyme, suggest that deprotonation by proton transfer to bulk water could provide additional stabilization of the tetrahedral intermediate. The proton necessary to cleave the γ-peptide bond could then come from the bulk water phase.
In the absence of water molecules, the only source of the proton in our model was the adjacent α-carboxyl of the substrate diDGA. Therefore, we studied the mechanism of transfer of a proton from the α-carboxyl to the nitrogen of the scissile γ-peptide bond of diDGA. The protonated α-carboxyl group of diDGA can relay the proton to the nitrogen of the scissile γ-peptide bond. Our hypothesis was that the barrier heights identified in this process would provide upper bounds for the final stage of CapD acylation.
Starting from the metastable, tetrahedral intermediate with a protonated second α-carboxyl group (shown as "P" in Figure  5 ), the proton reached the nitrogen on the scissile γ-peptide bond in four plausible steps, as detailed in the Supporting Information. Importantly, we estimated that none of the steps would have an activation barrier in excess of 10.0 kcal/mol, suggesting that the transfer of a proton from the α-carboxyl group of diDGA to the scissile amide bond is feasible even in the absence of water molecules. Figure 6 shows the final product of the CapD acylation that contained the γ-glutamylated enzyme with the leaving group bound to the acceptor region of the active site. The relative positions of the α-carboxyl and γ-carbonyl groups changed dramatically following γ-peptide bond cleavage. In the acylated CapD, the adjacent α-carboxyl group bound one of the two NH prongs of the oxyanion hole as the carbonyl oxygen was pushed toward the donor region of the active site. In this configuration, the oxyanion hole coordinated one carboxyl and one acyl group. This demonstrated the ability of the two-pronged oxyanion hole to accommodate either one or two ligands.
The α-amino group of the newly formed leaving group of diDGA made a hydrogen bond with the N-terminal α-amine of Thr352, with both amino groups remaining deprotonated. Arg520 continued to coordinate the α-carboxyl of the leaving group. Considered in reverse order, this reaction would correspond to the transfer of an acyl group from the enzyme to the acceptor substrate. Therefore, acyl transfer during transpeptidation would have to overcome a barrier of at least 22.0 kcal/mol. During the transfer, α-amino groups of both the enzyme and the acceptor substrate would need to be deprotonated.
The requirement that α-amino groups of the acceptor substrate and of the catalytic Thr352 be deprotonated during transpeptidation is supported by recent studies of the pH dependence of the transpeptidation rate of a related GGT from Bacillus subtilis. 55, 56 This bacterial GGT is similar to CapD in that it also lacks the lid loop and cleaves pDGA. 25, 55 These studies found that the transpeptidation rate increased with increasing pH.
These observations allowed us to conclude that the rate of CapD acylation with the pDGA donor substrate will be limited by the formation of the tetrahedral intermediate with a barrier of 22.3 kcal/mol. Overall, CapD acylation was 3.4 kcal/mol endothermic.
Mechanism of CapD Inhibition with Capsidin. To study the mechanism of CapD inhibition by capsidin, we built the corresponding model complex, using the same procedure as described before. Below, we discuss the important structural features of the derived model, followed by the mechanism of inhibition of CapD.
Model of CapD Bound to Capsidin. The structure of the bound CapD complex with capsidin was derived like that of the complex with pDGA. However, to produce CapD-bound structures of capsidin that were compatible with the nucleophilic attack of Thr352, the two amide bonds of capsidin were allowed to rotate during docking. The four lowest-energy structures were compatible with covalent CapD inhibition and differed mostly in the position of the parabromothiophenol group of capsidin. We took the lowest-energy structure as the starting structure for our model of the complex depicted in Figure 3B . According to our model (see Figure 3B) , capsidin bound the active site of CapD in the central and donor regions of the active site. The only carboxyl group of capsidin interacted with Arg113 in the donor region of the active site, like the Nterminal α-carboxyl of diDGA. This carboxyl group is essential for CapD inhibition 10 and is equivalent to the N-terminal α-carboxyl group of diDGA. Asn392 changed its conformation to fill the void that in the case of diDGA was occupied by a carbonyl adjacent to the N-terminal carboxyl group shown in Figure 3A . The carbonyl of the Asn392 side chain anchored the backbone NH group of Phe410, so that the NH 2 group of Asn392 could form a hydrogen bond with the essential carboxyl group of capsidin.
In contrast to diDGA, the capsidin binding pose placed the Si face of the scissile peptide bond against the catalytic Thr352.
Thus, unlike with diDGA, the leaving group of the capsidin would be in the donor region of the active site and not in the acceptor region. This highlights the promiscuous nature of CapD with respect to inhibition by capsidin.
Unlike diDGA, capsidin did not engage either Arg520 or Arg432 in the acceptor region of the active site. However, capsidin made important interactions in the central region of the active site. In particular, the diacetamide group of capsidin shown in Figure 1 was configured such that one carbonyl bound the oxyanion hole while the other formed a hydrogen bond with the α-amino group of the N-terminal Thr352. With respect to the main benzene ring of capsidin, the carbonyl group of the acetyl that bound to the oxyanion hole was in the cis orientation, whereas the carbonyl of the other acetyl group was in the trans orientation. Finally, the parabromothiophenol group of capsidin protruded out of the active site without making any specific interactions.
The OH group of the catalytic Thr352 residue formed a 1.99 Å intramolecular hydrogen bond with the N-terminal α-amino group. The OH group also made a weaker hydrogen bond to the OH group of Thr370. The latter interaction was not observed with the diDGA substrate. The Thr352(Oγ)− (C)capsidin distance was relatively extended at 3.34 Å, while the carbonyl bond was 1.23 Å at the beginning of the reaction.
Mechanism of CapD Acylation by Capsidin. Following the arguments presented for the study of the mechanism of CapD catalysis, we kept the N-terminal α-amino group of the catalytic Thr352 deprotonated in the study of CapD inhibition.
Formation of the Tetrahedral CapD Intermediate of Capsidin. Figure 7 shows that the transition state to form the tetrahedral intermediate was 22.9 kcal/mol above the reactant. The tetrahedral intermediate product was 8.2 kcal/mol lower than the transition state, but 14.7 kcal/mol higher than the reactant. Compared to diDGA (see Figure 4) , the tetrahedral intermediate of capsidin was significantly more stable. Amber] potential with electronic embedding and plotted it along the reaction path that connects the reactant to the product (as parametrized using the reaction progress coordinate). The actual energy levels of the structural snapshots along the reaction are shown with red crosses. The matching integral energy is shown as a solid blue line and was derived from the corresponding forces. The transition state is indicated as a black cross and located atop the energy peak. The total number of system snapshots used to generate the energy profile was 98. R, reactant; TS, transition state; P, product.
Formation of the tetrahedral intermediate between capsidin
and CapD began with compression of the Thr352(Oγ)− (C)capsidin distance from 3.34 to 2.80 Å. Further compression from 2.80 to 2.60 Å initiated the transfer of the proton from Thr352(Oγ) to Thr352(N). Following the proton transfer, the Thr352(Oγ)−(C)capsidin bond was fully formed, reaching the anticipated length of 1.52 Å. The CO bond of the carbonyl at the oxyanion hole was slightly elongated to 1.29 Å in the tetrahedral intermediate state. Figure 8 shows that the proton transfer is complete at the transition state, with the Thr352(O)−(C)capsidin distance being 2.42 Å and the peptide bond length being 1.42 Å. The Thr352(O−H) distance was 1.93 Å (compared to 0.98 and 2.60 Å in the reactant and tetrahedral intermediate, respectively). The Thr352(Cα−Cβ) bond stretched during the proton transfer to 1.62 Å (compared to 1.55 and 1.58 Å in the reactant and product, respectively). The observed stretching of the Thr352(Cα−Cβ) bond was similar to that in the diDGA case and likely helped relieve the strain in the transiently formed five-member ring that included the Thr352-(Cα−Cβ) bond and the transferring proton.
The peptide bond that was under nucleophilic attack stretched from 1.40 to 1.56 Å. Interestingly, the other peptide bond that was not directly involved in the reaction shrank from 1.43 to 1.36 Å. Subsequently, the protonated NH 3 + group of Thr352 rotated to establish hydrogen bonds with the OH group of Thr370 and the other carbonyl of the diacetamide moiety of capsidin. The corresponding distances changed from 2.58 Å to a more typical hydrogen bond distance of 1.87 Å, and from 2.21 to 1.66 Å.
In contrast to that of diDGA, the terminal α-amino group of Thr352 remained protonated in the tetrahedral intermediate of CapD with capsidin ( Figure 8, bottom panel) . Thus, only a single proton transfer was involved in the formation of the tetrahedral intermediate with capsidin, as opposed to two proton transfers as observed in the case of diDGA.
Formation of the Acetylated CapD Intermediate of Capsidin. Figure 9 shows that formation of the acetylated CapD from the tetrahedral intermediate of capsidin did not involve any productive steps with barriers higher than 2.5 kcal/ mol. Therefore, formation of the tetrahedral intermediate was the rate-limiting step of CapD inhibition with capsidin. Nevertheless, the reaction mechanism of the formation of acetylated CapD from the tetrahedral intermediate was rather unexpected. Figure 10 shows a conformational transition of the side chain of Thr352 that was coupled to the peptide bond cleavage and is the first step of the mechanism of formation of the acetylated CapD intermediate. This unusual conformational change rotated the Thr352 side chain about the Thr352(Cα−Cβ) bond by approximately 50°, while keeping the oxygen of the carbonyl anchored in the oxyanion hole. As a result of this rotation, the γ-methyl group and the Oγ atom of Thr352, along with the methyl group of the covalently attached acetyl moiety of capsidin, moved inside the active site. Figure 9 shows that the conformational change had a barrier of 2.4 kcal/mol and stabilized the system by 2.9 kcal/mol. As the rotation progressed, the scissile amide bond stretched considerably from 1.56 to 1.67 Å, passing through 1.58 Å at the transition state. At the end of the conformational change, the peptide bond was excessively stretched. The Thr352(Oγ)−(C)capsidin bond shrank from 1.52 to 1.45 Å during this transformation, passing through 1.49 Å at the transition state. To the best of our knowledge, this is the first observation of a conformational change directly coupled to covalent enzyme inhibition.
Recently, a structure of the human GGT enzyme that we and others 28, 31 have previously homology modeled on the basis of the structure of GGT from E. coli was innovatively determined. 25 The high-resolution structure of the human GGT revealed two conformations of the catalytic Thr381 (equivalent to Thr352 in CapD). The authors proposed this feature to be unique to the human GGT and called it a bimodal The residues of the active site that are not directly involved in the reaction are shown in faded, transparent colors. Atoms that link the QM region to the rest of the system described by molecular mechanics are depicted with transparent spheres around them. These atoms are substituted for hydrogen atoms, and their bond lengths are adjusted accordingly during QM calculations. switch in the orientation of the catalytic nucleophile. The conformational change in the catalytic Thr352 that was coupled to the scissile amide bond activation in the tetrahedral intermediate of capsidin with bacterial CapD also involved two conformations of the threonine side chain that were nearly identical to those observed in human GGT. Figures 9 and 11 show yet another unexpected step in the acylation of CapD by capsidin. Specifically, the bottom panel of Figure 11 depicts the corresponding product, acetylated CapD with the unexpected iminol leaving group bound to the donor region of the active site. Figure 11 shows that formation of the iminol involved the transfer of a proton from the N-terminal NH 3 + group of Thr352 to the carbonyl oxygen of the second acetyl group of the diacetamide moiety of capsidin, rather than to its nitrogen atom. Figure 9 shows that this reaction was essentially barrierless at 0.1 kcal/mol. At the transition state, the already excessively stretched peptide bond was elongated to 1.82 Å before breaking completely. The Thr352(Oγ)−(C)-acetyl bond shrank from 1.45 to 1.32 Å, passing through 1.34 Å at the transition state. The oxyanion hole adjusted slightly to the acetyl group, maintaining the bidentate coordination of the carbonyl. The amide bond of the iminol leaving group settled at 1.28 Å, while the carbonyl bond of the acetyl group shrank from 1.29 to 1.23 Å. The OH group of the iminol formed a hydrogen bond with the N-terminal α-NH 2 group of Thr352.
The process of converting the tetrahedral intermediate of capsidin into acetylated CapD benefited from the presence of the second acetyl group in the inhibitor. In an attempt to rationalize the importance of the second acetyl group, Richter et al. tentatively proposed that it might assist amide bond cleavage via formation of an iminol tautomer. 10 Our calculations corroborated this idea by demonstrating that the second acetyl group of capsidin acted as a "shunt" for formation of the acetylated CapD via the iminol route. Furthermore, our calculations suggested that binding of the capsidin variant with a single acetyl group at the CapD active site could be catalytically unproductive (see the bottom panel of Figure 12 ). These observations may help rationalize why derivatives of capsidin lacking the second acetyl group are less potent against CapD. 10 Iminol versus Amide Leaving Group of Capsidin. Figure 12 shows both iminol and its tautomer amide leaving groups bound to the donor region of the CapD active site. The initial reaction path for the collapse of the tetrahedral intermediate of CapD was constructed, without any consideration for the iminol, to culminate with the corresponding amide leaving group shown in the bottom panel of Figure 12 . Note that the amide leaving group matched one of the variants of capsidin that did not inhibit CapD. 10 The iminol shown in the top panel of Figure 12 was discovered through the optimization of the reaction path. The fact that iminol formation preceded that of the amide and had an extremely low (0.1 kcal/mol) barrier suggested that the iminol group was kinetically more favorable. Furthermore, CapD thermodynamically favored the iminol tautomer over its amide counterpart by 2.9 kcal/mol. The enzyme could catalyze tautomerization of the iminol leaving group into its amide counterpart. However, the barrier for the CapD-mediated tautomerization was estimated to be around 22 kcal/mol. Can the collapse of the tetrahedral intermediate of CapD with capsidin bypass the iminol and form an amide leaving group directly? Hypothetically, amide formation could start from the initial tetrahedral intermediate or from its variant with the activated scissile bond (R or P in Figure 10 , respectively). Each state has a relatively strong hydrogen bond between the carbonyl of the capsidin leaving group and the α-amine of Thr352. This hydrogen bond was involved in iminol formation. Without breaking this hydrogen bond, another proton of the α-amine would need to transfer to the amide nitrogen over a much larger distance. Because the distance is much shorter in the activated tetrahedral intermediate, we consider only reaction paths that start from the activated intermediate. The barrier for iminol formation from the activated tetrahedral intermediate is only 0.1 kcal/mol, and the only way formation of the amide could bypass iminol would be if it had a comparable barrier.
Promiscuity of CapD in the Consideration of Drug Design. Enzyme promiscuity can be exploited to design irreversible inhibitors of CapD. The donor region of the active site was an unusual place for a leaving group to bind, because the donor region typically bound the γ-glutamyl moiety that covalently attached to Thr352 of CapD. In the case of capsidin, it was a small acetyl group that covalently attached to Thr352, in agreement with experimental observations. 10 Because of the lack of other functional groups, the acetyl group could bind the oxyanion hole only in the central region of the active site of CapD.
In the absence of functional groups that could bind the donor region of the active site, the acyl group of the inhibitor that covalently attaches to the catalytic Thr352 may be displaced from the oxyanion hole and form a hydrogen bond with the α-amine of Thr352 instead. Such a conformation of the acyl-CapD intermediate is not conducive to hydrolysis or transpeptidation and could lead to irreversible inhibition of the enzyme. Therefore, designing covalent inhibitors that position their scissile amide bond in the donor rather than acceptor region of the active site of CapD could be a viable strategy for irreversible inhibition.
In conclusion, our study of CapD inhibition with capsidin suggested that formation of the corresponding tetrahedral intermediate was the rate-limiting step. Overall, the acetylation of CapD was 1.7 kcal/mol exothermic with the iminol leaving group. Unlike with diDGA, the α-amino group of Thr352 was protonated in the metastable tetrahedral intermediate of capsidin. In agreement with experimental observations, the acetylated CapD was predicted to be a stable intermediate.
■ CONCLUSIONS
This study demonstrates just how promiscuous the CapD enzyme really is. Starting with the prereaction complex, CapD binds diDGA and capsidin in two very different ways, as summarized in Figure 13 . The differences pertain to the side (Re or Si) of the scissile amide bond that faces the nucleophilic Thr352 residue or, alternatively, the region of the active site (acceptor or donor) that contains the scissile bond. The scissile amide bond of diDGA is in the acceptor region of the active site, whereas that of capsidin is in the donor region of the active site of CapD. This orientation determines which region of the active site, i.e., donor versus acceptor, will contain the leaving group upon formation of the acylated CapD. Therefore, shifting the position of the scissile bond within the molecule could be used to design new irreversible inhibitors of CapD. Figure 13 shows that even though the formations of the tetrahedral intermediates from diDGA and capsidin were both initiated with an unprotonated α-amine of Thr352 and had similar energy barriers, the two processes were quite different. The diDGA substrate assisted in formation of the tetrahedral intermediate, using the carboxyl group that was adjacent to the scissile γ-peptide bond. As a result, the formation of the tetrahedral intermediate was a double-proton-coupled concerted asynchronous reaction. The catalytic Thr352 was only protonated during a small part of the reaction progress, essentially just relaying the proton to the carboxyl group of diDGA. In contrast, the reaction with capsidin involved a single proton transfer. This resulted in the protonated α-amine of Thr352 being associated with the capsidin tetrahedral intermediate. This tetrahedral intermediate was significantly more stable (14.7 kcal/mol) than that of diDGA (18.0 kcal/ mol). However, none of these tetrahedral intermediates would be stable enough to be experimentally observed.
The ways the two tetrahedral intermediates were converted into the acylated CapD were also quite different. Uniquely, capsidin involved a prerequisite step during which a conformational change, i.e., rotation about the Cα−Cβ bond of Thr352, was coupled to an excessive stretching of the scissile amide bond, i.e., activation of the scissile bond for cleavage. This step greatly facilitated subsequent proton transfer and collapse of the tetrahedral intermediate.
The tetrahedral intermediate of diDGA could collapse by transferring its proton from the protonated carboxyl to the nitrogen of the scissile peptide bond in four consecutive steps. The highest energy barrier for the collapse was found to be 10.0 kcal/mol. It is also possible that water molecules could mediate the proton transfer. In contrast, the tetrahedral intermediate of capsidin exploited the second acetyl group and transferred the proton directly from the α-NH 3 + group of Thr352 to the oxygen of the acetyl group in two consecutive steps. The highest energy barrier for the collapse was found to be 2.4 kcal/ mol. This transition yielded an iminol leaving group that could subsequently tautomerize to the corresponding amide. The leaving group of capsidin was bound to the donor region of the CapD active site.
In contrast to capsidin, the leaving group of diDGA was bound to the acceptor region of the active site. Moreover, the leaving group of diDGA demonstrated how an acceptor substrate might bind CapD during the transpeptidation catalytic cycle. 31 The product of CapD acylation with diDGA also revealed that the oxyanion hole could bind both the acceptor substrate and the transferring γ-glutamyl simultaneously. The amino group of the substrate that accepts the γ-glutamyl and that of the Thr352 were both deprotonated. The barrier for the first step of transpeptidation was estimated to be at least as high as the barrier for formation of the tetrahedral intermediate. 
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